populations were reconstituted with congenically mismatched wild type cells. In contrast, when 1 7 2 chimeric mice were infected with a ROS-sensitive ∆ katG mutant of Mtb, we found higher levels 1 7 3 of bacteria in Cybb -/cells compared to wild type cells from the same mouse. These data show 1 7 4 that the assay is able to detect the cell-autonomous antimicrobial activity of ROS against a 1 7 5
KatG-deficient Mtb strain, but Cybb-dependent ROS did not restrict the intracellular replication To specifically determine if the loss of Cybb decreased tolerance to a given burden of 1 7 8 bacteria, wild type and Cybb -/mice were infected with a streptomycin auxotrophic strain of Mtb 1 7 9 that allows exogenous control of bacterial replication during infection. Streptomycin is provided 1 8 0 for the first two weeks of infection, allowing the pathogen to reach the burden observed in a wild 1 8 1 type Mtb infection. Upon streptomycin withdrawal, the pathogen is unable to replicate but of IL-1β compared to wild type animals ( Figure 2G-2I ). Thus, even when the need for 1 8 7 antimicrobial resistance is obviated by artificially inhibiting bacterial replication, Cybb -/animals 1 8 8 continued to exhibit a hyper-inflammatory disease. The granulocytic inflammation observed in Cybb -/mice was reminiscent of several other 1 9 0 susceptible mouse strains. However, the neutrophil recruitment in other models is generally 1 9 1 associated with a concomitant increase in bacterial growth (Kimmey et al., 2015; Kramnik et al., 1 9 2 2000; Nandi and Behar, 2011) and a transition of the intracellular Mtb burden from 1 9 3 macrophages to granulocytes (Mishra et al., 2017) . We hypothesized that Cybb -/mice may be 1 9 4 able to retain control of Mtb replication because the bacteria remain in macrophages. To test 1 9 5 this hypothesis, we used a YFP-expressing Mtb strain to compare the distribution of cells 1 9 6 harboring bacteria in wild type and Cybb -/mice with Nos2 -/animals in which Mtb replicates to 1 9 7 high numbers in association with infiltrating granulocytes (Mishra et al., 2017) . Four weeks 1 9 8 following infection we found that lungs from both Cybb -/and Nos2 -/mice contain higher levels 1 9 9 of IL-1β and neutrophils than wild type animals, although the loss of Nos2 -/produced a much 2 0 0 more severe phenotype than Cybb -/-. ( Figure 2J -2L and Figure S2 ). However, the cells 2 0 1 harboring Mtb in these two susceptible mouse strains differed. In wild type and Cybb -/mice, 2 0 2 YFP-Mtb was evenly distributed between CD11b+/Ly6G+ neutrophils and the CD11b+/Ly6G-2 0 3 population that consists of macrophages and dendritic cells (Wolf et al., 2007) . This proportion 2 0 4 was dramatically altered in Nos2 -/mice, where close to 90% of bacteria were found in the 2 0 5 neutrophil compartment. (Figure 2M and 2N ). Thus, unlike other susceptible mouse models, the 2 0 6 loss of Cybb does not alter bacterial replication or the distribution of Mtb in different myeloid 2 0 7 subsets. Instead, this gene plays a specific role in controlling IL1β production, neutrophil 2 0 8 recruitment to the infected lung, and disease progression. As a result, we conclude that Cybb specifically promotes tolerance to Mtb infection. Enhanced IL-1β production by Cybb -/macrophages and dendritic cells is due to 2 1 2 deregulated Caspase-1 inflammasome activation 2 1 3
To investigate the mechanism underlying increased IL-1β production in Cybb -/mice, we 2 1 4 quantified the release of mature cytokine from bone-marrow derived macrophages (BMDMs) 2 1 5 and bone-marrow derived dendritic cells (BMDCs). Compared to wild type, we found that Cybb -/- production was specific to this cytokine. The production of mature IL-1β requires two distinct signals (von Moltke et al., 2013) . The first signal induces the expression of Il1b mRNA and subsequent production of pro-IL-1β, 2 2 2 and a second signal activates Caspase1, which is necessary for the processing and secretion of 2 2 3 mature IL-1β. To understand what step of IL1β production was altered in Cybb -/cells, we 2 2 4 quantified these two signals. The expression of Il1b mRNA in uninfected and infected BMDMs 2 2 5 was unchanged between wild type and Cybb -/-BMDMs ( Figure 3G ). In contrast, under the same 2 2 6 conditions, the processing of Caspase1 to its active form was increased in infected Cybb -/-2 2 7
BMDMs compared to wild type cells ( Figure 3H ). These observations suggested that caspase-1 activity is increased in Cybb -/cells, which 2 2 9 could allow mature IL-1β secretion in the absence of an inflammasome activator. To test this 2 3 0 hypothesis, we stimulated cells with the TLR2 agonist, PAM3CSK4, to induce pro-IL-1β 2 3 1 production. PAM3CSK4 stimulation induced Il1b mRNA to similar levels between wild type and 2 3 2 Cybb -/-BMDMs, albeit over 100 times higher than infection with Mtb ( Figure 3I ). In wild type The NLRP3 inflammasome consists of NLRP3, ASC, and Caspase 1. While this /cells also relied on these components. To identify the responsible complex, we blocked the 2 4 6 activation of the NLRP3 inflammasome in several distinct ways. The NLRP3 inflammasome is To more directly assess the role of NLRP3 and Caspase-1 in IL-1β production by Cybb -/- not be attributed to inhibition of pro-IL-1β levels, as none of these inhibitors affected Il1b mRNA 2 6 0 by more than two-fold. Similarly, the spontaneous IL-1β secretion observed upon PAM3CSK4 2 6 1 1 2 stimulation was also inhibited by MCC950 and IFNγ, ( Figure 4E ). In each case inflammasome 2 6 2 inhibition reduced IL-1β secretion to the same level in both wild type and Cybb -/cells, indicating 2 6 3 that the NLRP3 inflammasome was responsible for the enhanced production of this cytokine in
Based on these studies, we hypothesized that the tolerance defect observed in the intact 2 6 6 mouse was due to inflammasome-dependent IL-1 signaling. IL-1β serves a complex role during is important for the antimicrobial immunity, but persistent production can lead to pathology. In 2 6 9 order to focus on the role of over-production of IL-1β on tolerance, we inhibited IL-1 signaling in 2 7 0 mice infected with non-replicating auxotrophic Mtb to normalize the bacterial burden. Two 2 7 1 weeks after infection, wild type and Cybb -/mice were treated with either an isotype control 2 7 2 antibody or an anti-IL1R antibody to block the effect of increased IL-1β production. As expected, Mtb levels were similar in all mice, but more neutrophils accumulated in the lungs Cybb -/-2 7 4 animals ( Figure 4F -H). While anti-IL-1R treatment had no effect in wild type animals, inhibition animals. Taken together, our data show that Cybb -/contributes to protective immunity to Mtb 2 7 7 not by controlling bacterial replication, but instead by preventing an IL1 dependent inflammatory 2 7 8 response that increases neutrophil recruitment to the lung and exacerbates disease 2 7 9 progression. The role of the Phox complex in protection from TB has presented a paradox (Deffert et al., derived ROS has been proposed to promote the production of inflammatory mediators by 3 1 1 inhibiting autophagy (de Luca et al., 2014) . Another mechanism was described in superoxide through glutathionation of reactive cysteines (Meissner et al., 2008) . This latter mechanism is 3 1 4 reminiscent of the process by which nitric oxide (NO), inhibits inflammasome activation via S-3 1 5 nitrosylation of NLRP3 (Mishra et al., 2013) . The intersection of these two important anti-3 1 6 inflammatory pathways at the NLRP3 inflammasome indicates that this complex may be a Our findings are consistent with a growing body of literature suggesting that polymorphisms that increase the expression of IL1β or the production of IL-1 dependent pro- implicate Caspase-1 as a critical point at which tolerance is regulated. Medical School, IACUC guidelines. All animals used for experiments were 6-12 weeks except 3 3 5 mixed chimeras that were infected at 16 weeks following 8 weeks of reconstitution. Both male and female mice were used throughout the study and no significant differences in 3 5 1 phenotypes were observed between sexes. Lungs from indicated mice were inflated with 10% buffered formalin and fixed for at least 24 3 5 5 hours then embedded in paraffin. Five-Micrometer-thick sections were stained with 3 5 6 haematoxylin and eosin (H&E). All staining was done by the Diabetes and Endocrinology Research Center Morphology Core at the University of Massachusetts Medical School. Lung tissue was harvested in DMEM containing FBS and placed in C-tubes (Miltenyi). Collagenase type IV/DNaseI was added and tissues were dissociated for 10 seconds on a 3 6 2
GentleMACS system (Miltenyi). Tissues were incubated for 30 minutes at 37C with oscillations passaged through a 70-micron filter or saved for subsequent analysis. Cell suspensions were 3 6 5 washed in DMEM, passed through a 40-micron filter and aliquoted into 96 well plates for flow 3 6 6 cytometry staining. Non-specific antibody binding was first blocked using Fc-Block. Cells were 3 6 7 then stained with anti-Ly-6G Pacific Blue, anti-CD4 Pacific Blue, anti-CD11b PE, anti-CD11c Technologies). For infections with fluorescent H37Rv, lung tissue was prepared as above but no H37Rv infection control to identify infected cells. Cells were stained for 30 minutes at room MACSQuant Analyzer 10 (Miltenyi) and was analyzed using FlowJo_V9 (Tree Star). To generate bone marrow derived macrophages (BMDMs), marrow was isolated from femurs 3 7 8 and tibia of age and sex matched mice as previously described. Cells were then incubated in columns first using negative selection for F480 followed by CD11c positive selection. Cells were 3 8 7 then plated and infected the following day. for cytokine analysis and the cells were processed for further analysis. Cell death was assessed mixed equally at a 1:1 ratio and 10 7 cells from this mixture were injected intravenously into 4 1 0 lethally irradiated hosts that were placed on sulfatrim for three weeks. 8 weeks later mice were Stained populations were then incubated with either anti-APC or anti-PE magnetic beads 4 1 6 (Miltenyi) following the manufacturer's instructions and sorted using LS-columns (Miltenyi).
1 7
Purified cells were divided equally and then plated for M. tuberculosis on 7H10 agar or counted Cells were lysed in Trizol-LS (Thermofisher), RNA was purified using Direct-zol RNA isolation Technologies). ΔΔct values were then determined for each sample. Murine cytokine concentrations in culture supernatants and cell-free lung homogenates were 4 3 2 quantified using commercial enzyme-linked immunosorbent assay (ELISA) kits (R&D). All was determined by western blotting with Caspase1 antibody purchased from Adipogen. performed the experiments and analyzed the data. AO and CMSasssetti wrote the initial 4 3 9 manuscript. All authors edited the manuscript. We are thankful to members of the Sassetti and Behar lab for helpful discussions. This work Cybb -/mice at the indicated time points. to the lungs of Cybb -/mice 50 days following infection (gated on live/singlets/CD45 + ). group. ** p-value <.01 by unpaired two-tailed t-test. infected intratracheally with Mtb strain 18b and treated for two weeks daily with streptomycin. Mice were then removed from streptomycin for three weeks halting active growth of the to the lungs of Cybb -/mice 5 weeks following infection (gated on live/singlets/CD45 + ). CD11b + ) cells in the lung. Mtb infection. Bone marrow-derived macrophages (BMDMs) or Bone marrow-derived dendritic 5 2 5 cells (BMDCs) from wild type or Cybb -/mice were left untreated or infected with Mtb for 4 hours 5 2 6 then washed with fresh media. 18 hours later supernatants were harvested and the levels of A. two-tailed t-test. Cybb -/-BMDMs infected for 24 hours with Mtb. Total Caspase1 was used as a loading control. 
